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ABSTRACT
The 16T Propulsion Wind Tunnel, located at Arnold Engineering Development
Complex (AEDC), Arnold Air Force Base, Tennessee, is a closed-circuit wind tunnel
consisting of a 16-foot by 40-foot long test section. The test section temperature is
controlled by a 50-foot diameter cross flow air to water heat exchanger, the K1 Cooler.
Over the last several years, the performance of the K1 Cooler has deteriorated and the
thermal capacity of the cooler has come into question. A study was initiated to quantify
the deterioration and determine how critical bundle replacement was to future operations.
To aid this investigation, multiple tubes were removed from the cooler and
analyzed. It was found that the tubes had an internal layer of particulate fouling that could
be causing a degradation in cooler performance. Since the original design did not account
for an accumulating internal fouling layer, a Matlab model was created to simulate cooler
exit air and water temperatures for varying values of the fouling layer thermal
conductivity and fouling layer thickness. Results were compared to empirical data at
multiple test conditions.
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NOMENCLATURE
𝐴𝑓𝑖𝑛 – Surface Area of Fin [m2]
𝐴𝑡𝑢𝑏𝑒 – Outside Surface Area of Tube [m2]
𝐴𝑖 – Total Surface of Inside of Tube [m2]
𝐴𝑖,𝑐𝑠 – Inside Cross-Sectional Area of Tube [m2]
𝐴𝑛 – Cross Sectional Area [m2]
𝐴𝑜 – Total Surface Area of Cooler Bundle [m2]
𝐴∗ – Choked Flow Area [m2]
𝐶 – Constant [K]
𝑐𝑝 – Specific Heat at Constant Pressure [𝐽⁄𝑘𝑔 ∙ 𝐾]
𝑑𝑓𝑖𝑛 – Outside Diameter of Fin [mm]
𝑑𝑓𝑜𝑢𝑙 – Inner diameter of Fouling Layer [mm]
𝑑𝑖 – Inside Diameter of Tube [mm]
𝑑𝑜 – Outside Diameter of Tube [mm]
ℎ - Convective Heat Transfer Coefficient [𝑊 ⁄𝑚2 ∙ 𝐾 ]
ℎ – Enthalpy [J]
ℎ𝑡 – Stagnation or Total Enthalpy [J]
𝑘 – Thermal Conductivity [𝑊 ⁄𝑚 ∙ 𝐾 ]
𝑙 – Fin Height [mm]
𝐿𝑡𝑢𝑏𝑒 – Length of Tube (one pass) [m]
𝐿𝑡𝑢𝑏𝑒,𝑡𝑜𝑡𝑎𝑙 – Total length of Tube Length per Bundle [m]
𝑀𝑛 – Mach Number
𝑚𝑓 − Accumulated Mass of Fouling Material per Unit Area [𝑘𝑔⁄𝑚2 ]
𝑚𝑓∗ - Asymptotic value of 𝑚𝑓 [𝑘𝑔⁄𝑚2 ]
𝑚̇𝑛 – Mass Flow Rate [𝑘𝑔⁄𝑠]
𝑚̇𝑑 – Fouling Deposition Rate [𝑘𝑔⁄𝑠]
𝑚̇𝑟 - Fouling Removal Rate [𝑘𝑔⁄𝑠]
𝑁𝑏𝑢𝑛𝑑𝑙𝑒 – Number of Bundle in K1 Cooler
𝑁𝑓𝑖𝑛 – Number of Fin per Tube
𝑁𝑝𝑎𝑠𝑠 – Number of Passes per Tube
𝑁𝑡𝑢𝑏𝑒 – Number of Tubes per Bundle
̅̅̅̅
𝑁𝑢 – Average Nusselt Number
𝑃𝑛 – Static Pressure [Pa]
𝑃𝑡𝑛 – Stagnation or Total Pressure [Pa]
𝑃𝑟 – Prandtl Number
𝑄 – Convective Heat Transfer [W]
𝑅 – Ideal Gas Constant [𝐽⁄𝑘𝑔 ∙ 𝐾]
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𝑅𝑓 – Fouling resistance [𝑚2 ∙ 𝐾 ⁄𝑊 ]
𝑅𝑓∗ - Asymptotic value of 𝑅𝑓 [𝑚2 ∙ 𝐾 ⁄𝑊 ]
𝑅𝑒 – Reynolds Number
𝑠 – Distance between fins [mm]
𝑡 – Time [s]
𝑡𝑐 – Average Residence Time [s]
𝑇𝑛 – Static Temperature [K]
𝑇𝑡𝑛 – Stagnation or Total Temperature [K]
𝑈 – Overall Heat Transfer Coefficient [𝑊 ⁄𝑚2 ∙ 𝐾 ]
𝑈𝑐 – Overall Heat Transfer Coefficient of Clean Heat Exchanger [𝑊 ⁄𝑚2 ∙ 𝐾 ]
𝑈𝑓 – Overall Heat Transfer Coefficient of Fouled Heat Exchanger [𝑊 ⁄𝑚2 ∙ 𝐾 ]
𝑉𝑛 – Velocity [𝑚⁄𝑠]
𝑥𝑛 or 𝛿𝑛 – Thickness [mm or μm]
𝑋𝐿 – Lateral Distance between Tubes [mm]
𝑋𝑇 – Transverse Distance between Tubes [mm]
𝛽 = 1⁄𝑡𝑐 [𝑠 −1 ]
𝛾 – Specific Heat Ratio
𝛥𝑇𝐿𝑀 – Log Mean Temperature Difference [K]
𝜌𝑛 – Density [𝑘𝑔⁄𝑚3 ]
𝜇 – Viscosity [μPa·s]
𝛷𝑑 – Fouling Deposition Rate [𝑚2 ∙ 𝐾 ⁄𝑊 ]
𝛷𝑟 – Fouling Removal Rate [𝑚2 ∙ 𝐾 ⁄𝑊 ]

Variables identified with an n subscript above are used on multiple occasions. The
following identifiers apply:
1, 2, 3, 4, 5 – Airside Locations (Figure 3.15)
𝑎 – Air
𝑓 or 𝑓𝑜𝑢𝑙 – Fouling Layer/Material
𝑓𝑖𝑛 – K1 Cooler Bundle Fins
𝑤 – Water
𝑤𝑖 – K1 Water In
𝑤𝑜 – K1 Water Out
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CHAPTER ONE
INTRODUCTION AND GENERAL INFORMATION
Introduction to the PWT K1 Cooler
The Propulsion Wind Tunnel Facility (PWT), located at AEDC on Arnold Air Force Base, TN,
was designed and constructed in the 1950s. The facility consists of three wind tunnels: the 16foot transonic (16T), the 16-foot supersonic (16S), and the 4-foot transonic (4T). 16T is a
transonic tunnel with operating Mach numbers from 0.06 to 1.6 [Test Facilities Handbook,
1992]. The airflow is generated by one three-stage axial compressor. The K1 Cooler is required
to remove the heat of compression and set tunnel temperature. Standard operation occurs with a
test section total temperature of 311 K. Figure 1.1 shows the upstream side of the cooler (flow
traveling into the page).

Figure 1.1: K1 Cooler
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The K1 Cooler consists of 72 individually controlled cooling bundles. The bundles are
configured in a W configuration with six levels and twelve bundles on each level. See Figure 1.2
for a section view of the cooler. The bundles have two three-pass circuits that are stacked to
create a six-layer bundle. Each bundle consists of 97 aluminum tubes. As seen below in Figure
1.3, air flows into the page through six levels of spiral finned tubes detailed in Figure 1.4. As
seen in Figure 1.4, the headers and the 180-degree bends for each circuit are not in the airflow,
but rather inside an inner and outer fairing. A typical piping configuration inside the fairings can
be seen in Figure 1.5 and Figure 1.6. Due to the compact nature of the cooler bundles, it is not
feasible to repair leaks since the only access to the tubes is from inside the fairings. For that
reason, tubes are cut and the header is plugged to prevent water from releasing into the tunnel. It
should be noted that Figure 1.5 and Figure 1.6 show tubes that have been cut and abandoned in
place due to leaks.

6
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4

Air Flow
3
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1

Figure 1.2: Section View of K1 Cooler
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Figure 1.3: K1 Cooler Bundles

Figure 1.4: Section View of K1 Cooler Bundles
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Figure 1.5: View of Bundle from Inside the Fairings

Figure 1.6: View of Bundle from Inside the Fairings
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The K1 Cooler is supplied cooling water from the Woods Reservoir on Arnold AFB. While the
reservoir is beneficial for providing large quantities of water (378,541 LPM for K1 Cooler), there
are some problems with water quality. Although the water is filtered through a mesh screen
before it is pumped into AEDC, fine particles (≤ 3 mm) and sediment are not removed. As a
result, the K1 Cooler is still at risk for fouling due to sediment from the reservoir. To provide
colder water to AEDC in the summer months, the distribution pump inlet duct is lowered to pull
colder water from the bottom of the lake. As a result, the water becomes further contaminated
from the sediment pulled in from the bottom of the reservoir. While the water may be colder, the
added particles and sediment have proven to cause fouling in AEDC equipment.

Problem Statement
Throughout the years, the K1 cooler has struggled during the summer months to meet the 311 K
test section temperature requirement. The cooler was originally designed for water at a
temperature of 295 K. With elevated water temperatures up to 302 K, the cooler does not have
the capacity to meet the 311 K test section temperature requirement. This problem received
additional attention when 16T ceased operations because the K1 Cooler could not maintain test
section temperature in the summer of 2015.
A project began in 2016 to determine in-situ performance of K1 and procure replacement
bundles. This thesis seeks to investigate the impact of the effects of aging both from particulate
fouling on the internal tube surface and loss of surface area due to leaking tubes. A tube was
taken from a bundle installed in 2000 and dissected to identify the fouling layer composition and
thickness profile. A Matlab code was created to predict cooler performance for varying fouling
layer thicknesses and thermal conductivities. The core data was validated using empirical data
collected during five 16T tests at various times of year. The question that this thesis seeks to
answer is: how much additional capacity is required in the initial design of the cooler bundle to
account for age related performance degradation?
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CHAPTER TWO
LITERATURE REVIEW
Heat Exchanger Design
In theory, commercial air to water heat exchanger design can be simple. The inlet air and water
temperatures are given. The exit air temperature is the design criteria and thus is given. In a
system with a continuous water supply (river, reservoir, etc.) the exit temperature is not
important because it does not have any effect on future supply temperature (as it does in a closed
system). The thermal conductivity is known for common heat exchanger materials. Calculate the
rate of heat transfer required for a given temperature difference and take in account size
requirements, a heat exchanger can be purchased to meet the required temperature differential.
However, further investigation is required to account for the issues that may occur in the future.
Blindly increasing the capacity of the heat exchange may result in unnecessary cost increases,
and underestimating the future degradation of capacity may result in an inability to meet
requirements.

Fouling in Heat Exchangers
Fouling, to some degree, is an inevitable process that deteriorates the capability of heat transfer
equipment. Mostafa M. Awad defines fouling as “the accumulation and formation of unwanted
material on surfaces of processing equipment” [Awad, 2011]. According to multiple sources
[Awad, 2011] [Kazi, 2012], fouling can adversely affect the operation of equipment in two ways.
First, the fouling layer has a low thermal conductivity. This reduces the effectiveness of the heat
exchanger since the layer is more resistant to heat transfer than the original heat transfer surface.
Second, the cross sectional area is reduced as the fouling layer accumulates. This increases the
pressure drop across the heat exchanger when maintaining the same flow rates.
Particulate Fouling
Particulate fouling is the accumulation of solid particles suspended in the system working fluid
onto the heat surface. Heavy particles settle on the horizontal surfaces due to gravity; this is
further classified as sedimentation fouling. The finer particles settle onto the heat transfer surface
at different locations due to suction forces and other mechanisms [Kazi, 2012]. The main factors
15

that affect particulate or sedimentation fouling are fluid velocity (specifically regions of low
velocity) and the concentration of suspended solids in the working fluid. While wall temperature
has less of an effect of particulate/sedimentation fouling, a hot wall may cause the deposit to
“bake on” and become difficult to remove [Ibrahim, 2012]. Typically, this type of fouling
involves corrosion products dispersed in water, such as clay and mineral products from river
water, soot particles from incomplete combustions, etc. [Awad, 2011].
Fouling Process
A fouling layer is created as a result of the net accumulation of fouling material caused by the
simultaneous deposit and removal of material. The fouling factor (or fouling resistance, Rf) can
be mathematically expressed as the difference between the deposition and removal rate, Φd and
Φr respectively. All three parameters can be expressed in units of thermal resistance, 𝑚2 ∙ 𝐾 ⁄𝑊 .
See in Equation 2.1 and Figure 2.1.

𝑅𝑓 = 𝛷𝑑 − 𝛷𝑟

(2.1)

Before fouling accumulation occurs on a clean/new heat exchanger, an initiation period or a time
delay takes place. This delay is not predictable and appears to be random in nature [Awad,
2011]. Several authors reported negative fouling resistance (an increase in heat transfer
capability) during the early stages of the fouling process. As illustrated in Figure 2.2. The initial
accumulation can cause turbulence in the viscous layer, thus increasing the heat transfer
coefficient at the interface between the fluid and the heat exchanger. This increase in heat
transfer coefficient may overcome the thermal resistance of the deposits. This initial benefit
continues until the added heat transfer resistance overcomes the advantage of the increased
turbulence [Kazi, 2012]. For particulate fouling, the initiation period and roughness delay is very
small.
Reza Razmavar further elaborates on the cause of the initiation period. He states that particles
moving towards the surface may not necessarily stick to it. At the time of collision, the kinetic
energy can be transferred from the particle to the surface. If the kinetic energy is greater than the
adhesion force (between the particle and the surface), the particle rebounds. Likewise, if the
adhesion force is greater, then the particle adheres to the surface [Razmavar, 2016].
16

Figure 2.1: Typical Fouling Process [Awad, 2011]

Figure 2.2: Typical Fouling Curves [Kazi, 2012]
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After the initiation and roughness delay, the fouling curve can be classified by three ideal curves:
Linear, Falling, and Asymptotic. For particulate fouling, fouling resistance typically increases
along an asymptotic curve. As the fouling layer increases in thickness, the cross-sectional area
decreases, thus causing an increase in the fluid velocity and increasing the shear stress. The
increased shear forces are greater than the bonding forces between the particles and the wall. At
the asymptote, the removal rate is equal to the deposit rate. [Awad, 2011] [Kazi, 2012].
The balance of forces between the fluid, particle, and surface determine whether the fouling
particles will adhere to the surface and accumulate or disperse with the fluid. Figure 2.3 provides
a schematic of the forces acting on the attached particle in a fluid flow. The fluid is flowing from
left to right at a given velocity resulting in a drag force, 𝐹𝐷 , on the particle. The drag force is a
function of fluid velocity and particle size. The greater the fluid velocity or particle diameter, the
greater the drag force. The Van der Waal adhesion force between the particle and the surface (or
other particles in the case of an accumulating fouling layer) is shown by 𝐹𝑉 . As shown in Figure
2.3, the attraction force is normal to the contact diameter. The lift and weight forces are given by
𝐹𝐿 and 𝐹𝑊 , respectively [Razmavar, 2016]. The direction of the weight force is dependent on the
orientation of the surface in contact with the fouling particle. Given that gravity is only applied
in one direction, the weight force may be pulling away from the surface.

18

Figure 2.3: Forces Acting on Fouling Particle [Razmavar, 2016]
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Quantifying Fouling Accumulation
Fouling layer thickness follows a similar curve to the asymptotic fouling resistance curve, shown
in Figure 2.4 [Kazi, 2012]. After an initial accumulation period, the thickness increases at a
linear rate until the growth levels out at the maximum thickness. As described above, this is
attributed to the increased velocity caused by a reduced cross-sectional flow area.
Multiple techniques exist to quantify the accumulation of fouling in heat exchangers. The
method used is determined based on the specifics of the heat exchanger itself.
The simplest method is directly weighing the heat exchanger. If the installed weight is known,
the mass of the accumulated fouling can be determined by simply subtracting the “clean” weight
from the fouled weight [Awad]. This process becomes more difficult with larger heat exchangers
that are not easily removed. The larger the heat exchanger, the more expensive and labor
intensive it is to remove and reinstall. In addition, larger scales tend to be less sensitive to small
changes that may be caused by the increase in mass from the fouling layer.
The second method is fouling layer thickness measurements. This method requires access to the
internal surface of the heat exchanger (or the tubes of a tubed heat exchanger). If initial
measurements are taken before installation, the fouling layer thickness can be determined by the
increased thickness of the fouled tube. If initial measurements are not taken, the thickness of the
fouled surface can be measured and again with the fouling layer removed. The fouling layer
thickness can be calculated as the difference between the thickness of the fouled surface and the
thickness of the “clean” surface. The thickness measurements completed for this analysis are
described in further detail in the following section.
The third method is heat transfer measurements. This is the least intrusive method and may be
the only option if access to the heat exchanger is not feasible. Fouling resistance can be
calculated as a difference between the overall heat transfer coefficient of a fouled heat exchanger
and a clean heat exchanger [Awad]. See Equation 2.2.

𝑅𝑓 =

1
1
−
𝑈𝑓 𝑈𝑐

(2.2)

This study required additional heat transfer analysis to validate the fouling resistance and further
define the effect of the fouling layer on overall heat exchanger performance. This is due to the
20

unknown composition of the fouling layer. As detailed in the following sections, the thermal
conductivity was estimated by comparing calculated results for varying values of thermal
conductivity to empirical data. This was used to calculate the change in air temperature, change
in water temperature, and overall heat transfer based on fouling layer thickness.
Another method is measuring the pressure drop between the inlet and exit of the internal fluid.
This is typically done in conjunction with other methods. As the cross-sectional area decreases
due to an increasing fouling layer thickness, the resulting downstream pressure will decrease
with the increasing flow velocity [Awad, 2011]. This becomes more difficult when multiple
inlets or exits are combined in a common manifold or the manifolds are difficult to instrument as
was found in this specific study. Other methods such as radioactive traces, laser techniques, and
infrared systems can also be used to assess the accumulation of a fouling layer.

Figure 2.4: Typical Fouling Layer Accumulation Curve [Kazi, 2012]
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Fouling Resistance Calculations
Multiple models have been created to provide a mathematical model to predict the fouling
resistance (𝑅𝑓 ) for a given fouling layer. One of the earliest models of fouling is that by Kern
and Seaton [Awad, 2011]. In this model, it is assumed the rate of deposition mass, 𝑚̇𝑑 , remains
constant with time, but the rate of removal mass, 𝑚̇𝑟 , is proportional to the accumulated mass,
𝑚̇𝑓 , and increases with time to approach the deposition mass asymptotically. Given that the rate
of accumulation is equal to the rate of deposition minus the rate of removal, Equation 2.3 can be
integrated from the initial conditions 𝑚̇𝑓 = 0 and 𝑡 = 0 to give Equation 2.4.

𝑑𝑚𝑓
⁄ = 𝑚̇𝑓 = 𝑚̇𝑑 − 𝑚̇𝑟
𝑑𝑡

(2.3)

𝑚𝑓 = 𝑚𝑓∗ (1 − 𝑒 −𝛽𝑡 )

(2.4)

Where 𝑚𝑓∗ is the asymptotic value of 𝑚𝑓 and 𝛽 = 1⁄𝑡𝑐 , with 𝑡𝑐 representing the average
residence time for an element of fouling material at the heat transfer surface. The accumulated
mass per unit area, 𝑚𝑓 , of the fouling layer can be further quantified as a function of fouling
resistance, 𝑅𝑓 , the density of the foulant, 𝜌𝑓 , the thermal conductivity, 𝑘𝑓 , and the thickness of
the fouling layer (𝑥𝑓 ) by Equation 2.5.

𝑚𝑓 = 𝜌𝑓 𝑥𝑓 = 𝜌𝑓 𝑘𝑓 𝑅𝑓

(2.5)

The fouling resistance is further defined by the fouling layer thickness divided by the thermal
conductivity of the foulant as in Equation 2.6.

𝑅𝑓 =

𝑥𝑓
𝑘𝑓

(2.6)

Referencing Equations 2.4 and 2.5, the fouling resistance can be expressed as a function of time
and the asymptotic fouling resistance, 𝑅𝑓∗ .
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𝑅𝑓 = 𝑅𝑓∗ (1 − 𝑒 −𝛽𝑡 )

(2.7)

It has been noted that Equation 2.7 does not provide a quantitative value for fouling resistance,
but an expression for the asymptotic fouling resistance as a function of variables that affect the
fouling process.
J.G. Knudsen analyzed fouling resistance as the result of a degrading overall heat transfer
coefficient, Equation 2.2. Solving for the overall heat transfer coefficient of the fouled surfaces
results in Equation 2.8.

𝑈𝑓 =

𝑈𝑐
1 + 𝑈𝑐 𝑅𝑓

(2.8)

Substituting Equation 2.7 into Equation 2.8:

𝑈𝑓 =

1

(2.9)

1
∗
−𝛽𝑡
𝑈𝑐 + 𝑅𝑓 (1 − 𝑒 )

If the values of the two coefficients 𝑅𝑓∗ and 𝑡𝑐 can be obtained either empirically or analytically,
then Equation 2.9 can be used as a method for predicting fouling factor in the heat exchanger
design [Awad, 2011].

23

CHAPTER THREE
MATERIALS AND METHODS
Instrumentation of K1 Cooler
In order to accurately determine the thermal characteristics of the fouling layer, experimental
data was required for the supply and discharge temperatures on both the airside and waterside of
the heat exchanger. The existing cooler infrastructure provided water side supply temperature
and air side discharge temperature. The water supply temperature is taken at the inlet isolation
valves located approximately twenty meters upstream of the bundles. It is assumed that any
change in temperature from the isolation valves to the bundle header is negligible. The airside
discharge temperature is measured by resistance temperature detectors (RTDs) mounted
directly to the discharge side of the bundle. See Figure 3.1 below.
As described in Chapter 1, the K1 Cooler is configured inside a circular duct. As a result, bundle
lengths vary depending on which level the bundle is located on. The shorter bundles (Level 1 and
6) have one RTD per bundle and the larger bundles (Level 2-5) have two. For the larger bundles,
the discharge valve position is based on an average between the two temperature readings. See
Figure 3.2 for typical RTD locations.
Six RTDs were installed on the K1 center fairing to measure the inlet air temperature. See Figure
3.3. RTDs were mounted to the north and south side of the fairing on each level. The values from
the six RTDs were averaged to provide an inlet temperature to the K1 Cooler.
The individual bundle water headers are enclosed in the center and outer fairings. It was not
practical to install RTDs on multiple bundles for this study. For that reason, an average was
measured. All seventy-two bundles drain into a single sump pit before draining out the 72-inch
return line. Figure 3.4 shows water draining into the sump pit. The water side discharge
temperature was measured in this vault. Each bundle discharge valve modulates to create a uniform
temperature distribution across the cooler. For this reason, the difference in discharge water
temperature is assumed to be uniform from bundle to bundle. A RTD was submerged into the pit
to measure the bundle discharge temperature.
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Figure 3.1: Downstream RTDs

Figure 3.2: Typical RTD location for Levels 1 and 6 (left) and Levels 2-5 (right)
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Figure 3.3: Upstream RTDs – Air Side

Figure 3.4: K1 Cooler Sump Pit – Location of Discharge RTD

26

Fouling Layer Investigation
Fouling Layer Thickness Measurements
As it was previously noted, it was observed that the cooler tubes were lined with a layer of
sediment. The thickness and composition of this layer was unknown due to access to the inside
of the tube. To further investigate, a tube was removed from the cooler. The tube was installed in
2000 and was active until its removal in 2017. The tube was cut down the length of the tube to
allow access to the inside surface of the tube. The internal surface of tube can be seen in Figure
3.5. The fouling layer was smooth to the touch and required heavy scraping to be removed.
The tube was inspected using a microscope to further investigate the surface condition of the
fouling layer. Under the microscope (Figure 3.6), it became apparent that the layer was porous
and potentially not as consistent as it was first concluded.
Investigation to the fouling layer with an electron scanning microscope by a field emission SEM
JEOL JSM-6320F further confirmed the porosity and inconsistency in the fouling layer. Figure
3.7 is a plan view and Figures 3.8 and 3.9 are section views of the fouling layer. The cross
section of the Aluminum tube can be seen at the bottom of Figures 3.8 and 3.9 with the fouling
layer sitting flush on the face.

Figure 3.5: Internal Surface of Tube
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Figure 3.6: Magnified View of Tube Surface

Figure 3.7: Plan view of Fouling Layer
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Figure 3.8: Section View

Figure 3.9: Zoom-in Section View
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The thickness of the fouling layer was measured by using a before and after method. The
thickness of the tube was measured then the layer was removed and the tube thickness was
measured again. Unfortunately, the fouling is not uniform across the entire inner surface. To find
the most accurate value, seven measurements were taken on the sample tube and an averaged
value was used in this analysis. Table 3.1 shows the thickness measurements found on the tube.

Table 3.1: Sample Tube Thickness
With Fouling

Without Fouling

Fouling Layer

[mm]

[mm]

Thickness [µm]

#1

1.803

1.702

101

#2

1.854

1.651

203

#3

1.778

1.676

102

#4

1.803

1.651

152

#5

1.829

1.651

178

#6

1.778

1.651

127

#7

1.829

1.702

127

Average Fouling Layer Thickness
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141

Fouling Layer Composition
The composition of the fouling layer was determined by energy dispersive spectrometry (EDS)
using an EDAX Octane plus Silicon Drift Detector with EDAX's TEAM EDS in the electron
scanning microscope of a field emission SEM JEOL JSM-6320F. Table 3.2 shows the
composition found in the tube sample.
As expected, the fouling layer consists of typical earth elements that would be commonly found
in dirt and lake water. As stated previously, the cooling water for AEDC is provided from Woods
Reservoir. High flow rate requirements prevent the possibility of filtering tiny particles and
sediment pulled from the bottom of the lake. These particles end up in the test facilities and
result in particulate fouling.
The increase in iron is expected to be caused by the aging of the carbon steel distribution piping.
As pipes age, it is more likely that rust (or iron oxide) particles from the inner diameter of the
pipe mix with the water.

Table 3.2: Fouling Layer Composition (%)
Mg

Si

P

S

Ca

Mn

Fe

Cu

Total

Sample 1

7.40

20.93

4.79

1.14

12.90

14.38

35.18

3.28

100

Sample 2

7.85

21.76

6.44

0.99

13.75

11.93

34.09

3.19

100

Sample 3

8.38

22.94

6.47

1.32

13.70

12.65

31.75

2.79

100
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Cooler Bundle Analysis
Model of Cooler Bundle
Due to multiple investment projects to replace degraded cooler bundles, the K1 cooler consists of
multiple iterations of bundles. All bundles consist of aluminum tubes and aluminum fins that are
dimensionally the same. This particular study will focus on the most recent bundles that were
installed in 2000. The bundles have a spiral wrapped fin that is not attached, but rather rests (See
Figure 3.10) on the outside diameter of the tube. The fins have a smooth mill run finish without
any additional corrugations.
For this analysis, a simplified model was used. The tubes have an outer diameter of 22.2 mm and
a thickness of 1.65 mm (or an inner diameter of 18.9 mm). The fins are circular with a diameter
of 47.6 mm and a thickness of 0.30 mm. Rather than a continuous helix that spans the length of
the bundle, the fins were modeled as straight fins (fully attached to the tube) that are spaced 3.28
mm face to face as shown in Figure 3.12 and Figure 3.13. See section view in Figure 3.11.
Figures 3.14 and 3.15 were created to better illustrate the fouling layer thickness compared to the
tube thickness.

Inconsistent
fin/tube interface
Figure 3.10: K1 Cooler Tube
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Figure 3.11: Typical Cross Section View of Tube

Figure 3.12: Typical Cooler Bundle Tube
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s
l

Figure 3.13: Side View of Cooler Bundle Tube

Figure 3.14: 141 µm Fouling Layer
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Figure 3.15: 500 µm Fouling Layer

General Assumptions
•

Bundles are composed of a simplified tube/fin combination described previously in this
chapter.

•

Fin and tube are assumed to be a continuous conductive layer.

•

The average fouling layer thickness found is assumed to be representative of the entire
bundle.

•

K1 inlet air is fully mixed, and 𝑇𝑡4 is the same for all bundles.

•

For all bundles, K1 inlet and exit water temperatures are the same.

•

Thermal loss is neglected around the tunnel ( 𝑇𝑡1 = 𝑇𝑡2 & 𝑇𝑡3 = 𝑇𝑡4 ).

•

Changes in ducting diameter act as isentropic nozzles.

•

Mass is conserved around the tunnel and density is assumed to be constant for subsonic
flow.

•

Inlet air and water distribution is assumed to be equally distributed between all seventytwo bundles.

•

The bundle inlet air velocity is assumed to be equal to the velocity at inlet to the cooler.
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16T Airside Parameter Locations
As previously discussed, the installation of instrumentation was required around the K1 Cooler
to provide critical parameters (for instance: inlet air temperature, exit water temperature, etc.).
Any additional parameters had to be calculated from other areas in the tunnel where the data was
available. For simplification, the airside areas were labeled from one to five starting at the 16T
test section, as seen in Figure 3.16. This paper will use the following nomenclature when
assigning subscripts to common airside parameters:
1 – Test Section
2 – Compressor Inlet
3 – Compressor Exit
4 – K1 Cooler Inlet
5 – K1 Cooler Exit

4
3

5

1
2

Figure 3.16: Illustration of 16T Airside Parameter Location
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Convection Heat Transfer Analysis
The first step in the analysis was calculating the area for the tube. As described in Chapter 1, the
cooler bundles consist of two three-pass circuits. The two 180-degree bends in each circuit are
not the air flow, but rather inside the inner and outer fairings, reference Figure 3.15 above. For
this reason, the length of the tube was calculated as a product of the airside length and the
number of passes for each circuit, as shown in Equation 3.1.

𝐴𝑡𝑢𝑏𝑒 = 𝜋𝑑𝑜 𝐿𝑡𝑢𝑏𝑒 𝑁𝑝𝑎𝑠𝑠

(3.1)

The total area of each tube includes both the outside surface area of the tube and the surface area
of each fin (Equation 3.2). The overall airside surface area of the bundle (Equation 3.3) is the
sum of the tube and fin surface areas multiplied by the total number of tubes in the bundle.

𝐴𝑓𝑖𝑛 = 𝑁𝑓𝑖𝑛 [

𝜋 2
(𝑑𝑓𝑖𝑛 − 𝑑𝑜2 ) + 𝜋 ∙ 𝑑𝑓𝑖𝑛 ∙ 𝑥𝑓𝑖𝑛 ]
2

(3.2)

𝐴𝑡𝑢𝑏𝑒_𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑡𝑢𝑏𝑒 (𝐴𝑡𝑢𝑏𝑒 + 𝐴𝑓𝑖𝑛 )

(3.3)

As described above, some of the parameters required for this analysis had to be calculated from
areas other than K1 to allow for a more accurate comparison to the experimental data. The mass
flow was calculated for each test based on measuring conditions in the test cell. Isentropic
relations (Equations 3.4 and 3.5) were used to find the static conditions and ultimately the
density and mass flow [Anderson, 2004].

𝛾 − 1 2 −1
𝑇1 = 𝑇𝑡1 (1 +
𝑀1 )
2
−𝛾

𝑃1 = 𝑃𝑡1 (1 +

𝛾−1
2

2 𝛾−1

𝑀1 )

(3.4)

𝛾

or
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𝑃1 =

𝑇 𝛾−1
𝑃𝑡1 (𝑇 1 )
𝑡1

(3.5)

For Equations 3.4 and 3.5, the specific heat ratio of air (𝛾 = 1.4) is assumed constant for all test
conditions. To calculate density (𝜌), Equation 3.6 utilizes the Ideal Gas Law.

𝜌1 =

𝑃1
𝑅𝑇1

𝐽
𝑤ℎ𝑒𝑟𝑒 𝑅 = 286 ⁄𝑘𝑔 ∙ 𝐾

(3.6)

The mass flow rate in the test cell was calculated from Equation 3.8 and the velocity is defined
as the Mach number multiplied by the speed of sound (Equation 3.7).

𝑉1 = 𝑀1 √𝛾𝑅𝑇1

(3.7)

𝑚̇1 = 𝜌1 𝑉1 𝐴1

(3.8)

From the Law of Conservation of Mass, the mass flow is assumed be constant from the test cell
to the inlet to the K1 cooler. See Equation 3.9. For simplification, density is also assumed to be
constant around the tunnel for subsonic flow, per Equation 3.10.

𝑚̇4 = 𝑚̇1

(3.9)

𝜌4 = 𝜌1

(3.10)

For supersonic test conditions, the density is calculated again using the isentropic relationships
downstream of the diffuser (location #2 on Figure 3.16) once the flow velocity is decreased to
subsonic before it enters the compressor. Utilizing the isentropic flow tables [Anderson, 2004],
the Mach number between the diffuser and the compressor inlet (𝑀2 ) was calculated based on
the compressible area ratio, Equation 3.11 below. Where 𝐴1 ⁄𝐴∗ is found based on the known test
cell Mach number (𝑀1 ).

38

𝐴2
𝐴2 𝐴1
=
∗
𝐴
𝐴1 𝐴∗

(3.11)

Once 𝐴2 ⁄𝐴∗ is calculated, 𝑀2 can be looked up in the isentropic tables. 𝑇2 , 𝑃2 , and 𝜌2 can be
calculated by repeating Equations 3.4 – 3.6 for location #2. For supersonic test conditions
Equation 3.10 is replaced by Equation 3.12.

𝜌4 = 𝜌2

(3.12)

Since the area of the K1 duct is known, the velocity of the air entering the K1 cooler is calculated
by Equation 3.13.

𝑉4 =

𝑚̇4
𝜌4 𝐴4

(3.13)

Substituting Equation 3.14 from the First Law of Thermodynamics into the general equation for
total enthalpy (Equation 3.15), Equation 3.16 was used to find the static temperature at the inlet
to the K1 Cooler (𝑇4 ) [Bejan, 2013].

ℎ = 𝑐𝑝 𝑇 and ℎ𝑡 = 𝑐𝑝 𝑇𝑡

ℎ𝑡 = ℎ +

𝑇4 = 𝑇𝑡4 − (

𝑉2
2

𝑉4 2
)
2𝑐𝑝,𝑎𝑖𝑟

(3.14)

(3.15)

(3.16)

As shown in Equation 3.17, Sutherland’s Formula [Bejan, 2013] was utilized to find viscosity
entering K1.
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3

𝑇𝑜 + 𝐶 𝑇 2
𝜇4 = 𝜇𝑜 (
)( )
𝑇 + 𝐶 𝑇𝑜
𝐹𝑜𝑟 𝑎𝑖𝑟:

(3.17)

𝐶 = 120𝐾, 𝑇𝑜 = 291.15𝐾, 𝜇𝑜 = 18.27𝜇𝑃𝑎 ∙ 𝑠

With the viscosity of air calculated in Equation 3.17, the Reynold’s number can be calculated
based on the tube outside diameter as the characteristic length, Equation 3.18.

𝑅𝑒𝑎 =

𝐷𝑜,𝑡𝑢𝑏𝑒 𝑉4 𝜌4
𝜇4

(3.18)

The Prandtl number was calculated per Equation 3.19.

𝑃𝑟𝑎 =

𝜇𝑎 𝑐𝑝,𝑎
𝑘𝑎

(3.19)

Piotr Wais’s Fin-Tube Heat Exchanger Optimization study was utilized to find the average
Nusselt number by Equation 3.20 [Wais, 2012]. Equation 3.20 is only applicable for staggered
tube banks and is bounded by the following parameters:
𝑠

2𝑥103 ≤ 𝑅𝑒 ≤ 4𝑥104 , 0.13 < 𝑙 < 0.57, 1.15 <

𝑋𝑇
𝑋𝐿

< 1.72

0.297 𝑋 −0.091
𝑇
0.658 𝑠
0.33
̅̅̅̅
𝑁𝑢𝑎 = 0.242𝑅𝑒𝑎𝑖𝑟 ( )
( )
𝑃𝑟𝑎𝑖𝑟
𝑙
𝑋𝐿

(3.20)

The lateral and transverse distances (𝑋𝐿 and 𝑋𝑇 ) for a staggered cross-flow heat exchanger are
defined in Figure 3.17. Wais also included a multiplier in the Nusselt Number calculation
(Equation 3.20) for fluid property variation at high temperatures and for bundles with less than
four rows. However, neither are applicable for this particular study, so both were removed from
the referenced equation resulting in a simplified Equation 3.20.
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XT

XD
XL

Figure 3.17: Schematic of Bundle Arrangement

The result from Equation 3.20 is substituted into Equation 3.21 to find the convective heat
transfer coefficient for the airside.

ℎ𝑎 =

̅̅̅̅̅̅
𝑁𝑢𝑎 ∙ 𝑘𝑎
𝐷𝑜,𝑡𝑢𝑏𝑒

(3.21)

The waterside analysis allows for a much simpler approach since the required parameters are
more readily available. The water velocity is calculated based on the distribution of a known
mass flow coming into the cooler. The cooler supply piping that is used to supply all seventy-two
bundles decrease in diameter with increases in elevation. For this reason, it is assumed that the
water flow is distributed between each bundle equally and pressure losses due to elevation are
negligible. Based on these assumptions, Equation 3.22 can be used to find the water velocity
entering the tube.
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𝑉𝑤 =

𝑚̇𝑤
𝑁𝑡𝑢𝑏𝑒 ∙ 𝑁𝑏𝑢𝑛𝑑𝑙𝑒 ∙ 𝜌𝑤 ∙ 𝐴𝑖,𝑐𝑠

(3.22)

Where the tube internal cross section is defined by Equation 3.23.

𝐴𝑖,𝑐𝑠 =

𝜋(𝑑𝑖,𝑡𝑢𝑏𝑒 − 2𝛿𝑓𝑜𝑢𝑙 )2
4

(3.23)

Total Internal surface area was defined by Equation 3.24.

𝐴𝑖 = 𝜋𝑑𝑓𝑜𝑢𝑙 𝐿𝑡𝑢𝑏𝑒,𝑡𝑜𝑡𝑎𝑙

(3.24)

Where the overall tube length for the entire bundle and inner diameter of the fouling layer are
defined by Equations 3.25 and 3.26.

𝐿𝑡𝑢𝑏𝑒,𝑡𝑜𝑡𝑎𝑙 = 𝐿𝑡𝑢𝑏𝑒 𝑁𝑝𝑎𝑠𝑠 𝑁𝑡𝑢𝑏𝑒

(3.25)

𝑑𝑓𝑜𝑢𝑙 = 𝑑𝑖 − 2𝛿𝑓𝑜𝑢𝑙

(3.26)

Reynolds number was calculated by the standard formula for flow inside a pipe (Equation 3.27).

𝑅𝑒𝑤 =

𝑑𝑓𝑜𝑢𝑙 𝑉𝑤 𝜌𝑤
𝜇𝑤

(3.27)

Similar to the air side analysis, the formula for Prandtl number is given by Equation 3.28.
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𝑃𝑟𝑤 =

𝜇𝑤 𝑐𝑝,𝑤
𝑘𝑤

(3.28)

The Dittus-Boelter Equation for turbulent flow inside a pipe is shown by Equation 3.29 [Bejan,
2013].

𝑁𝑢𝑤 = (0.0243)𝑅𝑒𝑤 0.8 𝑃𝑟𝑤 0.4

(3.29)

The formula for the Nusselt number is rearranged into Equation 3.30 and the equation is solved
for the convective heat transfer coefficient for water.

ℎ𝑤 =

𝑁𝑢𝑤 𝑘𝑤
𝑑𝑖,𝑡𝑢𝑏𝑒 − 2𝛿𝑓𝑜𝑢𝑙

(3.30)

The overall heat transfer coefficient is defined by 3.31. In this particular study, the fouling layer
is treated as a second wall resistance (as seen in the last term of Equation 3.31) [Lee, 2013].

𝑑
𝑑
ln ( 𝑖 )
ln ( 𝑜 )
𝑑
1
1
1
𝑑𝑖
𝑓𝑜𝑢𝑙
=
+
+
+
𝑈𝐴
ℎ𝑤 𝐴𝑖 ℎ𝑎 𝐴𝑜 2𝜋𝑘𝐴𝐿 𝐿𝑡𝑢𝑏𝑒,𝑡𝑜𝑡𝑎𝑙 2𝜋𝑘𝑓𝑜𝑢𝑙 𝐿𝑡𝑢𝑏𝑒,𝑡𝑜𝑡𝑎𝑙

(3.31)

The heat transfer across the bundle is found by Equation 3.33 where the log mean temperature
difference is shown in Equation 3.32 [Lee, 2013].

𝛥𝑇𝐿𝑀 =

(𝑇4 − 𝑇𝑤𝑖 ) − (𝑇5 − 𝑇𝑤𝑜 )
(𝑇 − 𝑇𝑤𝑖 )
ln 4
(𝑇5 − 𝑇𝑤𝑜 )

𝑄𝑏𝑢𝑛𝑑𝑙𝑒 = 𝑈𝐴𝛥𝑇𝐿𝑀
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(3.32)

(3.33)

The convective heat transfer for the air and water was found as a function of mass flow and
temperature difference in Equation 3.34 and 3.35 [Bejan, 2013].

𝑄𝑎𝑖𝑟 = (

1
𝑁𝑏𝑢𝑛𝑑𝑙𝑒

) 𝑚̇𝑎 𝑐𝑝,𝑎 (𝑇4 − 𝑇5 )

1
𝑄𝑤𝑎𝑡𝑒𝑟 = (
) 𝑚̇𝑤 𝑐𝑝,𝑤 (𝑇𝑤𝑜 − 𝑇𝑤𝑖 )
𝑁𝑏𝑢𝑛𝑑𝑙𝑒

(3.34)

(3.35)

Taking advantage of the energy balance across the cooler bundle, Equations 3.33 – 3.35 were
substituted into Equation 3.36 and solved simultaneously as a system of equations to find the two
unknowns: 𝑇5 and 𝑇𝑤𝑜 .

𝑄𝑏𝑢𝑛𝑑𝑙𝑒 = 𝑄𝑤𝑎𝑡𝑒𝑟 = 𝑄𝑎𝑖𝑟
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(3.36)

CHAPTER FOUR
RESULTS AND DISCUSSION
Fouling Layer Thermal Conductivity Analysis
As previously stated, the “as new” performance of the K1 Cooler is not known. As a result, the
value of thermal conductivity for the fouling layer is a bit more complicated to predict. An initial
assumption was that the fouling layer would have a thermal conductivity comparable to dirt or
soil. For that reason, the airside exit stagnation temperature (𝑇𝑡5 ), the exit water temperature
(𝑇𝑤𝑜 ), and the overall heat transfer for a single bundle was calculated for a fouling layer thermal
conductivity from 0.1 to 10 𝑊 ⁄𝑚 ∙ 𝐾 [Hamdhan, 2010]. Utilizing empirical data recorded from
five 16T tests in 2018, Table 4.1, for the inlet conditions, the results from Test 1 can be seen in
Figures 4.1 - 4.3 below. In addition to the varying values of thermal conductivity, the effect of
fouling layer thickness was also plotted for 50, 141, and 500μm thick fouling layers.

Table 4.1: 16T Test Conditions
Test 1

Test 2

Test 3

Test 4

Test 5

𝑀1

0.83

0.65

1.05

1.5

1.6

𝑇𝑇1 [K]

314.54

318.37

319.93

311.59

311.09

𝑃𝑇1 [Pa]

119700

118637

71470

47880

48771

𝑃𝑇2 [Pa]

N/A

N/A

59672.8

32845.7

34109.7

𝑇𝑇4 [K]

335.15

338.48

343.15

355.43

352.32

𝑇𝑤𝑖 [K]

294.87

299.82

299.82

294.26

285.71

𝑚̇𝑤 [kg/s]

6309.10

4037.82

6309.10

6309.10

1261.82
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Exit Air Temperature for Varying Thermal Conductivity Test #1
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Figure 4.1: Exit Air Temperature for Varying Thermal Conductivity

Exit Water Temperature for Varying Thermal Conductivity Test #1
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Figure 4.2: Exit Water Temperature for Varying Thermal Conductivity
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Heat Transfer for Varying Thermal Conductivity Test #1
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Figure 4.3: Heat Transfer for Varying Thermal Conductivity

Figures 4.1 - 4.3 illustrate that the magnitude of fouling layer thermal conductivity has a
significant impact between zero and one. The curves approach an asymptote where the fouling
layer thermal conductivity has a minimal effect on cooler performance. It should be noted that
the thicker fouling layer (500μm in this case) allows for higher values of 𝑘𝑓𝑜𝑢𝑙 to affect cooler
performance. This can be expected based on Equation 3.31. To contribute to cooler bundle
performance, 𝛿𝑓𝑜𝑢𝑙 must increase with 𝑘𝑓𝑜𝑢𝑙 or the value for fouling layer resistance will
approach zero with an increased fouling layer thermal conductivity.
The exit air temperature is measured directly at the discharge of the cooler bundle (see Figure
3.1). As a result, the empirical data is more accurate for the discharge air temperature than the
discharge water temperature: 𝑇𝑡5 is measured per bundle, where 𝑇𝑤𝑜 is averaged for the entire
cooler. The empirical data from all five test conditions were compared to the MATLAB
simulation to determine a value for the fouling layer thermal conductivity that corresponded to
the most accurate value for 𝑇𝑡5 . The average value for fouling layer thickness (141 μm) was used
to calculate the fouling layer thermal conductivity, 𝑘𝑓𝑜𝑢𝑙 . The average of all five tests was
calculated (Table 4.2) and used for the fouling layer thickness analysis in the next section.
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Table 4.2: Calculated Thermal Conductivity for Each Test
Measured 𝑇𝑡5 [K]

Calculated 𝑇𝑡5 [K]

𝑘𝑓𝑜𝑢𝑙 [𝑊 ⁄𝑚 ∙ 𝐾 ]

Test #1

320.87

320.86

0.36

Test #2

325.43

325.42

0.27

Test #3

325.54

325.58

0.23

Test #4

324.65

324.63

0.22

Test #5

323.93

323.94

0.18

Average 𝒌𝒇𝒐𝒖𝒍

0.25
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Fouling Layer Thickness Analysis
With the average thermal conductivity known, the effects of fouling layer accumulation can be
determined for a given value of 𝑘𝑓𝑜𝑢𝑙 . As stated in the problem statement, the overall goal of this
study is to find how heat transfer performance is degraded over time. Design conditions were
determined based on the 16T test cell operation envelope. The conditions assume a maximum
test cell total pressure (𝑃𝑡1 ) for Mach numbers (𝑀1 ) ranging from 0.6 to 1.6. Test section total
temperature (𝑇𝑡1 ) is assumed to be 310.93 K for all flow conditions. Inlet water temperature and
water flow rate was assumed constant for all six conditions based on maximum K1 flow
capabilities and highest expected inlet water temperature. See Table 4.3 for design conditions.
Cooler inlet temperature and mass flow rate are the main contributing factors to the cooler
performance. Both are a result of test cell requirements. Supersonic test cell conditions result in a
higher cooler inlet temperature because of the increased power requirement from the compressor.
Likewise, lower subsonic test conditions result in lower power requirements from the
compressor. Alternatively, airside mass flow is the highest at subsonic conditions. Figures 4.4 4.8 show the comparison between the six test conditions (labeled based on test cell Mach
Number) for 𝑘𝑓𝑜𝑢𝑙 = 0.25.

Table 4.3: Design Envelope for K1 Cooler
𝑀1

𝑇𝑇1 [K]

𝑃𝑇1 [Pa]

𝑇𝑇4 [K]

𝑇𝑤𝑖 [K]

𝑚̇𝑤 [kg/s]

𝑚̇4 [kg/s]

0.6

310.93

186732

329.26

302.59

6309.10

8704.70

0.8

310.93

153216

332.59

302.59

6309.10

8174.10

1.0

310.93

138852

334.26

302.59

6309.10

7690.90

1.2

310.93

114912

340.93

302.59

6309.10

6176.90

1.4

310.93

110124

347.59

302.59

6309.10

5471.00

1.6

310.93

100548

356.48

302.59

6309.10

4454.60
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Figure 4.4: Heat Transfer for Varying Fouling Layer Thickness

Exit Air Temperature for Varying Fouling Layer Thickness
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Figure 4.5: Exit Air Temperature for Varying Fouling Layer Thickness
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Change in Exit Air Temperature for Varying Fouling Layer Thickness
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Figure 4.6: Air Temperature across Bundle for Varying Fouling Layer Thickness

Exit Water Temperature for Varying Fouling Layer Thickness
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Figure 4.7: Exit Water Temperature for Varying Fouling Layer Thickness
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Change in Water Temperature for Varying Fouling Layer Thickness
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Figure 4.8: Water Temperature across Bundle for Varying Fouling Layer Thickness

Figures 4.4 - 4.8 prove that the overall effect of fouling layer thickness is significant across the
entire 16T envelope. In addition, the impact on the performance parameters is comparable for all
six test conditions. The difference in each parameter (heat transfer, air exit temperature, and
water exit temperature) is a function of inlet conditions. 𝑀1 = 1.6 results in the highest K1 inlet
temperature (approx. 24 K higher than 𝑀1 = 0.6) and puts the largest thermal requirement on the
K1 cooler.

Source of Potential Error
The most likely source of errors is the fin and tube interface. This study assumes that the fin is
completely attached the tube. In actuality, the fin is not attached but rather wrapped around the
tube. The gap (regardless of how significant) would decrease the heat transfer capability of the
bundle. It is expected that this study made up for this inefficiency in the calculation for the
thermal conductivity of the fouling layer. The smaller the value for 𝑘𝑓𝑜𝑢𝑙 , the more inefficient the
bundle. If the fin was fully attached to the tube, it is expected that the discharge temperatures
would be lower, thus corresponding to a larger value of fouling layer thermal conductivity.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
Based on the analysis and results presented above, this study answers the question as to how
much additional heat capacity is required to account for age related fouling and degradation.
Utilizing the same model that was developed in this study, the fouling resistance, 𝑅𝑓 , can be
calculated by Knudsen’s equation [Awad, 2001] for fouling resistance. The calculated valve for
fouling resistance for 𝑀1 = 1.6 flow conditions can be seen in Table 5.1.

𝑅𝑓 =

1
1
−
𝑈𝑓 𝑈𝑐

(5.1)

The fouling factor or fouling resistance in the original 1950s design of the K1 Cooler was
1.76𝑥10−4 𝑚2 𝐾 ⁄𝑊 [Stacey Brothers Gas Construction Co., 1951]. After 17 years of operation,
it can be seen in Table 5.1 that the initial assumption was too low.
In addition to fouling resistance, reduction in surface area from leaking tubes must also be a
design consideration. The bundle selected for this particular study was installed in 2000 and
operated for seventeen years before the tube sample was removed. To date, 41% of the heat
transfer surface has been lost due to tube leaks. As previously stated, this can be caused by a
number of reasons, but once a tube leaks, it is not repaired but instead abandoned. In addition to
the effects of the fouling layer, an analysis was also completed to determine how much a reduced
surface area affects overall cooler performance. To completely answer the original problem
statement, the comparison must be made between “like new” and as found to determine the
overall degradation of the cooler.
Utilizing the same model as described above, a comparison was made for 𝑀1 = 1.6 between a
bundle in “like new” condition and the bundle in its current condition seventeen years later. A
third condition (assuming no loss in heat transfer surface area) was completed to emphasize the
degrading effects of the 141μm thick fouling layer. These results are shown in Table 5.2.
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Table 5.1: Fouling Resistance
𝑈𝑓
𝑅𝑓
𝑈𝐶
[𝑊 ⁄𝑚2 𝐾 ] [𝑊 ⁄𝑚2 𝐾 ] [𝑚2 𝐾 ⁄𝑊 ]
117.81

83.13

0.0035

Table 5.2: Comparison between New Bundle and Current Bundle
New Bundle

Fouled
Bundle

Bundle Current
Condition

Overall
Difference

Years of
Operation

0

N/A

17

17

𝛿𝑓𝑜𝑢𝑙 [µm]

0

141

141

141

% Tubes Cut

0

0

41

41

Heat Transfer
[W]

2,150,038

1,805,057

1,267,598

882,441

Exit Air Temp.
[K]

321.60

327.19

335.74

14.14

Exit Water Temp.
[K]

308.46

307.52

306.08

2.41
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While a 41% reduction in surface area in seventeen years is not the standard or average, there is
the potential for it. And as seen in the table above, the impact of age-related degradation is not
insignificant: a 41% decrease in heat transfer capability and a 14K increase in exit air
temperature. This results in difficulties meeting test conditions and also increased test costs. Less
capable cooling bundles require higher flow rates to meet the same test conditions. As a result,
the customer is given a more expensive water bill.
The K1 Cooler bundles are currently being designed based on the 16T envelope for summer
months (highest inlet water temperature). Since the new bundles are required to fit in the
footprint of the existing bundle, this study recommends one of the two following options. Option
1 is to reduce the risk of future fouling and tube damage with additional systems such as
filtration and water treatment. Option 2 is reducing the exit air design temperature by at least 4%
to allow for any potential decrease in cooler performance from both fouling layer accumulation
and loss of tubes as the system ages. This would ensure that the cooler would continue to make
test conditions as the performance degrades as well as provide the added benefit of lower cooling
water requirements while the bundle is still new. While it is expected that a trade study be
completed weighing the benefits and cost/challenges of each option, both provide a viable option
to for the K1 Cooler to successfully support 16T testing for many years.
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